The performance of a proton exchange membrane fuel cell, PEMFC, is significantly affected by the rate of oxygen diffusion through the cathode catalyst layer, CCL. Continuum-scale modelling of PEMFCs requires knowledge of the effective oxygen diffusivity as a function of CCL porosity and its water saturation. To provide this functionality, we used three-dimensional pore-scale modelling to simulate the diffusion of oxygen under different liquid water saturations in CCLs having different porosity values. Solving the governing equations for immiscible two-phase flow, fluid distributions at different saturation levels were obtained. We show that the presence of liquid water initiates a hindering effect by decreasing the diffusive transport of oxygen. Oxygen diffusion, including dissolution of oxygen into the liquid water phase, was taken into account to calculate effective diffusivity values of the entire domain. The resulting effective diffusivity values showed good agreement with values reported in the literature, which are often based on quasi-empirical relationships. Utilizing a large number of simulation results, a correlation equation was developed for the effective diffusivity of oxygen as a function of porosity and liquid water saturation, which is appropriate to be used for macroscopic modelling of flow and transport in CCLs. The cathode catalyst layer, CCL, is a critical part of a proton exchange membrane fuel cell, PEMFC, due to the loss of potential across this section caused by transport limitations.
The cathode catalyst layer, CCL, is a critical part of a proton exchange membrane fuel cell, PEMFC, due to the loss of potential across this section caused by transport limitations. 1 CCLs have a porous structure composed of carbon, platinum, and ionomer. Aggregation of carbon particles, which are covered by platinum particles and coated by ionomer, creates two pore categories: primary pores within the individual agglomerates and secondary pores between the agglomerates (Figure 1a 2 ). Electrochemical reactions in the cathode occur at the three-phase region where ionomer, carbon, and platinum as a catalyst for electrochemical reactions are present, together with the gas phase. An increase in the liquid water content as a result of electrochemical reactions causes a decrease in the oxygen diffusivity and lowers the active surface area. 3 Predicting the cell performance requires the coupling of the dynamics of water content with changes in the transport properties of CCL.
A common simplifying assumption for modelling PEMFCs is to consider the CCL as an infinitely thin layer. [4] [5] [6] [7] [8] Therefore, the effects of the CCL are often included as part of the imposed boundary conditions. This approach is not able to accurately consider the effect of potential losses, which decrease oxygen diffusion into the reaction sites within the CCL. To obtain a more realistic model, some studies assigned a certain thickness to the CCL. 9, 10 For example, to investigate combined liquid-gas flow within PEMFCs, Gurau et al. 9 used a 2D model to represent the entire fuel cell, including the CCL as a separate layer. They considered the catalyst layer to be an isotropic porous medium and neglected the impeding effect of liquid water and, therefore, the possible dissolution of reactants into the water phase.
Constrictions along the pathways of oxygen diffusion within the CCL decrease the net rate of the electrochemical reactions, and hence the current density. To investigate oxygen diffusion, some studies considered the CCL to be a homogenous continuum. 11, 12 The CCL in these studies is then assumed to contain equally-sized carbon particles and pore spaces that are completely occupied by ionomer in which the gas phase may dissolve. Other studies (e.g., Springer et al. 1 ) assumed the catalyst layer to be a composite film of platinum/carbon catalyst intermixed uniformly with ionomer. These various models were able to closely match experimental data. However, experimental observations 13, 14 have shown the absence of complete filling of pores by the electrolyte, which motivated several studies later to consider agglomerated structures. [15] [16] [17] Using an agglomerate model for the CCL assumes the presence of a triple interface among pore, electrolyte, and particles of carbon supported by platinum particles. Baschuk and Li 17 assumed the electrolyte z E-mail: a.raoof@uu.nl to form a thin layer around the agglomerates by covering platinum particles as the catalyst sites. Their 2D model was later modified to 3D domains and applied to the entire cell. 18 Numerical models have approximated the CCL by using regular 19 and random 20 structures. To explore the underlying processes, pore scale simulations were applied to the diffusion of oxygen in the CCLs of PEMFCs, [21] [22] [23] [24] [25] however mostly assuming very dry conditions.
Pore network modelling provides opportunity to drive macroscopic transport parameters based on pore scale processes. 26, 27 Raoof and Hassanizadeh have shown that solute dispersion is a strong and nonlinear function of water saturation in granular media. 28 They have further shown that the sensitivity of solute dispersion to change of saturation depends on the pore size distribution. To explore the presence of two-phase flow in the catalyst layer, some studies have used pore-scale network modelling by assuming the existence of produced liquid water within the variably-sized pore spaces. 2, 25, 29 For example, Hannach et al. 2 developed a pore network consisting of spheres and cylinders representative of pore spaces to study multi-phase transport phenomena inside hydrophilic and hydrophobic CCLs. Pore network models use physically-based local rules, in particular for trapping and snap-off processes, and applies simple pore geometries to increase the computational efficiency needed for modelling large domain sizes. 27, 30 However, other methods are required to investigate fluid movement within pores having complex geometries. To the best of the authors' knowledge, there is a lack of studies at the pore scale investigating the possible effect of produced liquid water in a CCL on the oxygen diffusivity by applying dynamic two-phase flow simulations. A comprehensive two-phase pore-scale flow formulation is needed to simulate the flow of immiscible liquid water under different Figure 1 . Graphical representation of (a) part of a CCL, 2 (b) production of water around the agglomerates based on the model assumptions, and (c) the computational domain used for the simulations (part of the domain was removed to better visualize its internal structure).
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saturation conditions, as well as for domains with different porosity values.
In this study, we present a three-dimensional pore-scale model to calculate the oxygen diffusivity of CCLs in the presence of liquid water. Using a finite volume method, the governing equations for immiscible, two-phase flow were solved for domains composed of multiple agglomerates to obtain resulting water distributions. Simulation results were subsequently used to formulate a correlation equation for the effective oxygen diffusivity as a function of porosity and saturation level. Finally, the accuracy of the developed relation was validated using a number of additional independent simulations. The developed relation is appropriate for use in continuum-scale modelling formulations where the effects of saturation and porosity on the effective diffusivity should be provided through the use of constitutive relations.
Model Formulation
The main objective of this study is to explore the effect of liquid water saturation on the effective (i.e., macroscopic) oxygen diffusivity for several reconstructed CCL domains having different porosity values. Liquid water is typically produced at the reaction sites due to electrochemical reactions. We considered reaction sites at the surface of agglomerates by assuming a uniform distribution of platinum particles and a high ionic conductivity of thin ionomer and carbon all over the surface of agglomerates. 2, 25, 29 To represent the produced liquid water, we assigned a uniform flux of water into the secondary pores in the direction normal to the surfaces of the agglomerates. The imposed flux causes an increase in water saturation within the CCL pore spaces. Figure 1b shows the water distribution, schematically, based on our model assumptions. Such a flux boundary condition implies the flow of liquid water within a hydrophilic media. Although hydrophobicity of a CCL is important for liquid water removal efficiency and to minimize water-covering effects at the reaction sites, Hutzenlaub et al. 31 showed that the wettability of a CCL has only a limited effect on the resulting effective diffusivity. In the model presented by Hutzenlaub et al., 31 water was assumed to fill the smallest pore spaces prior to the larger pores for a hydrophilic domain and vice versa for hydrophobic media. They assumed that water does not exit through domain boundaries. The flow regime, which can vary between viscous flow or capillary flow, may be characterized using capillary numbers and viscosity ratios of the non-wetting and wetting phases. 25 The viscosity ratio in a fuel cell operating at 80
• C is estimated to be, M = μ 2 /μ 1 ∼ 18 where μ 2 and μ 1 are the viscosities of water and air, respectively. The capillary number, which is the ratio of viscous force to the capillary force, can be defined as Ca = μ 2 U 2 /σ where U 2 is the velocity of water and σ is surface tension of water in contact with air. The two-phase flow regime in a CCL is often controlled by capillary forces. 25, 32 We have chosen a small and uniform value for the water flux entering the domain, normal to the surface of agglomerates, to stablish such a capillary dominant flow regime. Doing so, we obtained minimum and maximum capillary numbers of 1.1 × 10 −5 and 6.7 × 10 −5 , for the smaller and the larger pores, respectively. Flow of liquid water was obtained by direct solution of the twophase flow equations. For several water saturation levels, we performed oxygen diffusion simulations to explore the effect of water saturation on the effective oxygen diffusivity. To obtain the distribution of water in the CCL, two equations must be solved: a momentum equation that includes surface tension forces, and the continuity equation. The momentum equation may be written as: [1] where ρ is fluid density, U is the local fluid velocity, t is time, μ is viscosity, p is local pressure, and F s is the surface tension force applied at moving phase interfaces. The continuity equation is given by:
When air is present in the CCL, molecular diffusion in the gas phase will become the dominant transport mechanism since diffusion in liquid water is much slower (up to 4 orders of magnitude less) compared to the air phase. To consider diffusion of oxygen in both the liquid and gaseous phases, the transport equation for oxygen may be written as: 
In the absence of liquid water, all of the CCL pore space is filled with the air containing oxygen. Under this condition, oxygen will be transported through the medium due to the binary diffusion. Pore spaces in the CCL are often in the range of micro-and nanoscale. The oxygen diffusivity for this reason must account for both the binary diffusivity of oxygen-nitrogen, D O 2 −N 2 , as well as the Knudsen diffusivity, D O 2 ,Kn . The dusty gas model 35 may be used to obtain the Knudsen diffusivity 36 as:
where d p is the pore diameter, R is the universal gas constant, T is temperature, and M O 2 is the molecular weight of oxygen. An effective, local scale oxygen diffusivity in air, D
, can subsequently be obtained using the Bosanquet equation 37 as:
Applying Equation 7, Knudsen diffusion is the dominant process for relatively small pores, while bulk diffusion becomes the controlling process for larger pores. Some studies consider oxygen diffusion to occur in both the primary and secondary pores of the CCL. 21, 22 However, several studies have shown that primary pores are less accessible for oxygen and that electrochemical reactions predominantly take place at the surface of agglomerates (i.e., at the contacts with the secondary pores), which allows one to limit diffusion only to the secondary pores. 2, 38, 39 In this study, we hence considered oxygen diffusion to occur only within the secondary pores. We used the average pore diameter for calculation of the Knudsen diffusivity. Lange et al. 21 calculated the local pore diameter by averaging the length of each pore computed in thirteen different directions. They showed that similar results for the diffusivity are obtained when considering the mean pore diameter in calculation of the Knudsen diffusivity, which is also the choice for our study.
Numerical Simulations
Volume of fluid method.-The flow of the liquid water was simulated by applying the volume of fluid, VOF, method. Several studies used the VOF method to solve the two-phase flow equations at the F300 Journal of The Electrochemical Society, 164 (4) F298-F305 (2017) micro-and nano-scales. [40] [41] [42] [43] Bedram and Moosavi 41 demonstrated the ability of the VOF method to model micro-and nano-scale processes by simulating the breakup of droplets and verifying results against experimental observations and analytical solutions. In our study, we solved Equations 1 and 2 in order to obtain the liquid phase volume, F v , in each cell of the imposed numerical mesh, such that F v = αV cell , where V cell is the cell volume. The value of α will be one and zero for completely saturated and dry cells, respectively, and between zero and one for cells traversed by phase interfaces. 44 The movement of interfaces is calculated by solving a transport equation for α as follows:
in which
The last term of Equation 8 is applied only to the interface. This term represents a compression term as suggested by Weller 45 in order to minimize dispersion of the interface. The parameter c r controls the compression of the interface. Following Weller, 45 the value of c r was taken within the range of 1 ≤ c r ≤ 4 in order to obtain a sharp interface. The physical properties of a numerical cell were calculated as weighted averages using the volume fraction, α, of the two fluids occupying the cell. The fluid density at any point within the domain is then given by:
where ρ w and ρ a are the densities of water and air, respectively. The viscosity, μ, is calculated in a similar way. The surface tension force, F s , can be obtained as:
where n is a unit vector normal to the interface, defined as:
and κ is the curvature of the interface, which is obtained using
No-flow boundary condition was used for the flux of water across the surrounding boundaries. It should be noted that in a real CCL, water may exit the domain boundaries in that the amount of the remaining water depends on pore structures and pore surface chemistry. To enable a wide range of water saturations in this study, we applied closed boundaries. If not done so, the maximum achievable water saturation level would generally be less than 0.5 (depending on the wettability of the domain), thus preventing a study of the effective diffusivity at higher saturation levels. The possible impact of some of the assumptions in our model, such as using closed boundaries, using a flux of water to represent liquid production at the reaction surfaces, and the wettability effects, were explored further. This was done by constructing an additional model (referred to as the 'detailed' model) that employs open boundaries, water production, as well as hydrophobic surfaces. The detailed model is described in the appendix where we show that the assumptions made in this study are appropriate and have little effect on the calculated effective diffusivity values.
Effective oxygen diffusivity.-To obtain the effective oxygen diffusivity of the entire three-dimensional domain, oxygen diffusion was simulated assuming different saturation levels. We invoked Dirichlet boundary conditions for the oxygen concentration at the two opposite boundaries, while the remainder of the external boundaries were considered to be symmetric. No oxygen transfer into the agglomerates was considered. Equation 5 was solved for several partially-saturated domains having different porosities. The distribution of liquid water in each domain, and for various saturation levels, was obtained verified that simulations of liquid penetration based on VOF method using the OpenFOAM software followed Lucas-Washburn kinetics at the micro-scale, except during the very initial stages dominated by the inertial forces.
The effective diffusivity, D eff , for each three-dimensional domain with a given porosity and saturation was calculated as:
where J is the total flux of oxygen calculated over the outlet boundary in the unit of [mol.s −1 ], L is the length of the domain, c 1 and c 2 are oxygen concentrations (assigned to be one and zero at the inlet and outlet boundaries, respectively), and A is the cross-sectional area of the bounding box of the domain perpendicular to the diffusion direction. For each realization of the porous medium, three cases were run by c 1 and c 2 at opposite boundaries normal to the three orthogonal directions (x, y, and z). Approximately equal results were obtained for the three cases. However, average values of the effective diffusivities obtained using the three orientations are shown later along with the simulation results.
To compare results from the various simulations with different porosities and saturations, we defined a normalized effective diffusivity, D, as: [14] in which the binary diffusivity of oxygen-nitrogen is used as the reference diffusivity. The parameters used in the simulations are shown in Table I .
Pore scale modelling.-The CCL in this study was reconstructed following an algorithm proposed by Lange et al. 21 After placing the first sphere randomly in the domain, subsequent spheres were located with a specific probability of maximum overlap with previous spheres. Lange et al. showed that overlap values less than 30% of the agglomerate radius had negligible effect on the effective diffusivity of the domain. We applied different levels of overlap with a limit of 20% to generate domains with different porosities. Figure 1c shows a computational domain consisting of 855 agglomerates having a size of 100 nm and a maximum overlap of 10%. The total computational domain, shown in Figure 1c , is a cube with sides of 1 μm and having a porosity of 0.55. A wide range of values for the diameters of the agglomerates in a CCL have been reported in numerical studies. 51 Ma et al. 52 reported that carbon particles having diameters of 30-40 nm aggregate to form agglomerates of 100-120 nm in diameter. This size range is consistent with SEM images shown in an in situ visualization of the CCL by Zhang et al. 53 Similar to several other numerical studies, 54, 55 we assumed agglomerates with a size of 100 nm.
To investigate the effect of finite domain size (i.e., the representative elementary volume, REV), we simulated diffusion in several three-dimensional pore spaces by systematically increasing the domain size. Figures 2a and 2b show the effect of domain size on the simulation results for completely dry conditions as well as for varying water saturations, respectively. Figure 2a shows that a domain size of 1.0 × 1.0 × 1.0 μm 3 can be considered to be large, with deviations with larger sizes being less than 1%, thus providing statistically stable diffusivity values independent of the domain size.
Results and Discussion
In this section, we provide first results of the effective diffusivity for dry conditions since this situation has been explored in several previous studies. 21, 39, 56 Subsequently, the effect of water saturation on the effective diffusivity of CCLs having different porosities is explored for the purpose of formulating a possible correlation equation. Next, the importance of considering immiscible two-phase flow for simulating a CCL is shown by comparing our results with those obtained assuming miscible flow of water into the gas phase. At the end, the effect of agglomerate sizes on the effective diffusivity of the CCL is investigated.
Diffusivity under dry conditions.-Simulation results of the diffusivity are often validated against Bruggeman correlation. Bruggeman relation 57 describes tortuosity, τ, as τ = ε 1/2 , where ε is the porosity. Tortuosity may be correlated to the normalized effective diffusivity, D, through the expression 58 D = ε/τ. Substituting the Bruggeman relation into the effective diffusivity expression provides D = ε 3/2 . This classical equation is known as Bruggeman correlation for the effective diffusivity. 21 Moreover, Bruggeman conducted several experiments using porous domains composed of uniformly spaced, equally-sized solid spheres. 57 The porosity of such a media can be estimated as (1 − π/6), regardless of sphere diameters. This condition leads to D = (1 -π/6) 3/2 ≈ 0.3288. Table II shows calculated normalized effective diffusivities of the domain consisting of different numbers of grains which were uniformly spaced, as well as the normalized effective diffusivity obtained using the Bruggeman experiments. Please notice that the simulation results are in very good agreement with the Bruggeman experiments. Similar findings have been reported by Lange et al. 21 The slight deviations in the results may be partially due to our use of a structured mesh, which cannot reproduce spherical geometries exactly.
We further compared our results with calculations reported by Lange et al. 21 They randomly placed carbon particles as equally-sized spheres in a computational domain using the algorithm explained in Pore scale modelling section. They obtained the effective diffusivity of the domain for different pore volume fractions and explored the effect of Knudsen diffusion. The diameter of each carbon particle in their simulations was 24 nm bounded by ionomer with a thickness of 4 nm in a domain with the size of 200 × 200 × 200 nm 3 . For our comparisons we used a sphere diameter of 32 nm in a domain of 320 × 320 × 320 nm 3 . The ionomer film can be treated as part of the carbon particle because of its smaller oxygen diffusivity compared to the binary diffusivity of oxygen-nitrogen (up to 4 orders of magnitude less). considerable effect of Knudsen diffusion which is due to the presence of small-sized pores.
Diffusivity under different saturation levels and porosity values.-We used the three-dimensional water distributions resulting from the two-phase flow calculations at different saturation levels to simulate the diffusion of oxygen. Note that Figure 2 showed that the chosen domain size of 1.0 × 1.0 × 1.0 μm 3 was large enough for simulations under dry and saturated conditions. Figure 4 shows the liquid water distributions at several saturation levels in a domain having a porosity of 0.61. The plots indicate that liquid water invades the pore spaces between agglomerates due to capillary forces to change local water saturations within the individual pores. Figure  5b shows the steady state distribution of oxygen within the domain having a porosity of 0.61 and saturation level of 0.2 (shown in Figure  5a ). Clearly, for the applied oxygen concentrations at the inlet and outlet boundaries, higher water saturations lead to lower local rates of oxygen diffusion due to the significantly lower diffusion coefficient of oxygen in liquid water compared to its value in the air phase. Analyzing the results from all simulations (i.e., for different porosities and saturation values), we developed the following correlation to estimate the normalized effective diffusivity, D, as a function of porosity, ε, and the average water saturation, S, of the entire domain:
where
The second term on the right-hand side of Equation 15, i.e.,βε (2.6+4ε 3.2 ) , is for oxygen diffusion in a fully-saturated domain. This term provides negligible contribution when liquid water starts to block diffusion through the gaseous pathway in the domain. of the fitted equation, we used Equation 15 to predict effective diffusivities at porosities of 0.46 and 0.68 which are, respectively, inside and outside of the parameter range used to develop this equation. We compared the results obtained using the pore scale model for two domains having different porosities with the values obtained using Equation 15 . Figure 8 verifies the accuracy of Equation 15 to provide effective diffusivity estimates for a wide range of porosity values.
Given the significantly smaller diffusion coefficient of oxygen in water compared to the air phase, the effect of increasing liquid water is very similar to the effect of a decreasing porosity. 59 This implies that the effective diffusivity may be reduced by a factor (1-S) 1.5 , similarly as the effect of porosity in the original Bruggeman correlation. To evaluate this assumption, Figure 9 shows the dependency of normalized gas diffusion coefficient on water saturation using our results as well as using a Bruggeman type correction. Figure 9 indicates that using the Bruggeman type correction provides a good match of the results of the pore scale simulations on immiscible flow. The Bruggeman type correction hence could be used to account for the effect of water saturation on the effective diffusivity for immiscible flow conditions, except perhaps for a slight overestimation of the effective diffusivity at relatively high saturation levels.
Immiscible two-phase flow effects.-In this study, the flow of liquid water was simulated by solving the governing two-phase flow equations to capture as best as possible the immiscible distribution of water and air phases, including their well-defined interfaces due to capillary effects. However, in order to lower computational times and numerical complexities, one may assume the miscible displacement of water in the gas phase (i.e., single-phase flow conditions in contrast to the two-phase flow conditions). This implies that for a given saturation, the water will be uniformly distributed within the domain. To evaluate this assumption, we compared the two methods (i.e., simulations considering miscible and immiscible water displacement). Figure 9 shows the discrepancy between the two methods in terms of calculated effective diffusivity values. Results indicate that the assumption of miscible flow significantly overestimates the normalized effective diffusivity. This is due to the fact that during two-phase flow, capillary forces cause water to invade into the pore spaces between the agglomerates. Liquid water then effectively blocks the pore space connectivity towards the air phase, which contributes the most to oxygen diffusion. Significantly lower effective diffusivity values are caused due to the absence of a percolating air pathway through the domain. Therefore, the capillarity of the liquid water phase is a key process which should be accounted for by solving the two-phase flow formulations. Diffusivity for different agglomerate sizes.-In the adopted pore scale modelling approach, the size of the solid agglomerates determines the size of the resulting pore spaces which, in turn, control the Knudsen diffusivity through Equation 6 . Figure 10 shows the pore size distributions for three domains having the same total porosity value of 0.55, but composed of spheres with three different diameters, to produce differently-sized pore spaces. An increase in the agglomerate size apparently creates a much wider pore size distribution, which leads to a higher mean pore diameter and hence lower Knudsen effect. In contrast, a decrease in agglomerate size decreases the mean pore diameter, leading to a higher Knudsen effect. For the same domains, Figure 11 shows the effect of agglomerate size on the normalized effective diffusivity. The domain with the largest spheres produced the highest values of the normalized effective diffusivity due to decreasing Knudsen effects.
Conclusions
In this study we used a three-dimensional pore scale model to investigate diffusive transport of oxygen through a cathode catalyst layer, CCL. A large number of simulations were conducted using domains having different porosity values and a wide range of liquid water saturations. Water distributions within the CCL were obtained using the volume of fluid method for solving the governing two-phase flow equations. Effective diffusivity values were calculated based on the Figure 10 . The effect of agglomerate size on the pore size distribution of a domain with the porosity of 0.55. The plot shows the probability density function (PDF) using Weibull distibution. 60 The coefficient of variation of three pore size distributions are equal. Figure 11 . Effect of agglomerate size on the normalized effective diffusivity for different saturation levels. The size of the cubic domain for each realization was ten times the agglomerate diameter, while the porosity was 0.55. Data points were connected to improve visibility. diffusion of oxygen through the resulting two-phase air-water system considering oxygen dissolution in the water phase as well as Knudsen effects. The resulting effective diffusivity values for different porosity and saturation levels were compared with the Bruggeman empirical correlation, as well as with numerical results reported by Lange et al. 21 We found that choosing 100 nm size agglomerates produced a system with significant effect of Knudsen diffusion. Based on a large number of simulations, a correlation equation was developed to obtain the effective diffusivity of oxygen as a function of porosity and liquid water saturation. This constitutive relation appears promising for macroscopic continuum scale numerical studies demanding values of the oxygen diffusivity as a function of the porosity and saturation state of a CCL.
Our results indicate a significant decrease in the total oxygen flux across the domain at high saturation levels. This reduction is due to the impeding effects of the produced liquid water within the porous medium. This produced water tends to invade the pore spaces within the CCL, leading to fewer percolating and more tortuous pathways for oxygen diffusion through the domain. A decrease in porosity resulted in very similar effects on the oxygen diffusivity as an increase in the liquid water saturation.
We showed that the assumption of miscible displacement of water will significantly overestimate calculated diffusivity values. In our study we used an equivalent flux at the surface of the agglomerates to account for water production by electrochemical reactions. Future studies are required which directly implement the electrochemical reactions in the two-phase flow simulations, including the possibility of ionomer coatings causing wettability changes. In this study we neglected any evaporation of liquid water within the CCL. This assumption is expected to be appropriate since the gas phase in the pore spaces becomes saturated with water vapor in a short time, which causes the net evaporation rate of water to become zero such that water transport is dominated by capillary flow. 61 Although our study applied three-dimensional simulations, the use of real CCL pore structures (i.e. those obtained using non-destructive imaging techniques), should provide a more realistic representation of the solid surfaces.
Appendix: Description of the Detailed Model
This section describes the more detailed model we constructed to explore the validity of assumptions made in this study. The detailed model employs open boundaries, water production at the reaction surfaces as well as hydrophobic surfaces. The model assumes that when the molar ratio of liquid water in a grid cell of the computational domain reaches a value of one, the local numerical cell is considered to be water saturated. Figure A1 provides a schematic part of the numerical domain based on the detailed model assumptions. The figure shows that cells adjacent to the surface of agglomerates form the reaction zone where liquid water is being produced. Due to the presence of micro-and nanoscale pores in a CCL, and the strongly coupled two-phase flow and water production processes involved, solving the two-phase flow at each time step of water production can be extremely time consuming. Additionally, numerical stability requires very small time steps. For this reason we used a sequential approach which assumes that cells adjacent to the surface of agglomerates are saturated (i.e., the water fraction, α, is set to a value of 1), after which the two-phase flow equations are solved to lead to the equilibrium water distribution. During the two-phase flow simulation, water will move within the domain, resulting in desaturation of some cells in the domain, in particular those cells which are adjacent to the hydrophobic surfaces of the agglomerates. This procedure of placing water saturated cells next to the agglomerate surfaces and solving the two-phase flow equations is repeated until reaching an equilibrium water distribution within the whole domain. For the boundary conditions in the two-phase flow simulations we assumed the surface of the agglomerates to be solid hydrophobic surfaces with a contact angle of 150, while pressure outlet conditions were applied to the remaining boundaries. When the water flow system reached steady-state conditions, the final saturation value was found to be close to 0.28 for the domain having a contact angle of 150 and a porosity of 0.55 ( Figure A2) .
We compared the normalized effective diffusivity values of the two models (i.e., with and without letting water exit the domain) for the same saturations. The final saturation (at which steady state flow was reached) for the CCL with water removal was 0.28 for the domain with contact angle of 150. A comparison with results for the case with closed boundaries is shown in Figure A3 . Although there is some difference between the two cases, the general agreement is good and hence justifies the use of closed boundaries to enable our simulations to cover a wide range of water saturations.
The detailed model represents more physics including: the hydrophobic CCL surfaces as well as water production at the reaction sites instead of assigning a flux of water. The relatively good agreement between results obtained with the standard and detailed models shows that the assumption of no water exiting the domain, using the water flux from the surface of the agglomerates, and assuming a hydrophilic domain, provides valuable insight into the effective diffusivity of CCLs. We note that the simulation time for the detailed model was significantly longer (approximately 10 times), which made it very difficult for us to run a large number of simulations as needed for this study.
